Background: Tuberculosis (TB) programs must invest in a variety of TB specific activities in order to reach ambitious global targets. Uncertainty exists surrounding the potential impact of each of these activities. The objective of our study was to model different interventions and quantify their impact on epidemiologic outcomes and costs from the health system perspective.
Background
Beginning in the mid-1980s, tuberculosis (TB) incidence dramatically increased globally, mostly attributed to urbanization in low and middle income countries (LMIC) and the HIV/AIDS epidemic. The emergence of multi drug-resistant TB (MDR-TB) has further contributed to the challenges of TB diagnosis and treatment. In response to the TB crisis, the World Health Organization (WHO) declared TB a global emergency in 1993. The Stop TB Partnership and the Global TB Drug Facility (GDF) [1, 2] were created to help provide more support to countries, especially to National TB Programs (NTP), and by the late 1990s the United States Government started to provide funding to support NTP activities.
In 2006, WHO and the Stop TB Partnership launched an ambitious global plan to reach the Millennium Development Goal (MDG) targets of a 50% reduction in TB prevalence and mortality [3] . The Stop TB Strategy provided the operational plan to reach these targets and included a comprehensive approach to improve TB case detection and treatment outcomes [1] . Increases in funding by external donor agencies and some national governments have led to the implementation of the global plan and progress toward the MDGs [4] .
As a result of these efforts, TB prevalence and mortality have declined. However, in 2013 there were 9.0 million new cases of TB and 1.5 million deaths from the disease [3] . A new post-2015 plan has been developed by global partners calling for increased investment in both evidencebased and innovative strategies to achieve 90% reduction in cases and zero TB deaths [5, 6] . Given the uncertainty on how to effectively and efficiently achieve these ambitious objectives, we have modeled the potential impact of different TB interventions on long term epidemiologic outcomes and health system costs.
Methods

General approach to modeling
We used decision analysis to compare the impact on epidemiologic outcomes, and health system costs of different interventions to strengthen TB programs in LMICs that could affect either the natural history or patient trajectories of TB disease. Pathogenetic and epidemiologic inputs, as well as the impact of interventions, were derived from the published literature. The model predicted the number of new primary and associated secondary TB cases, TB mortality, and TB related national health system costs over 20 years (2001-2020) .
Population
Three countries (Indonesia, Kazakhstan, and Mozambique) with different initial incidence of active disease, prevalence of drug resistance, HIV co-infection and health provider landscape were considered. Indonesia was considered representative of high TB burden, but low drug resistance and low HIV burden, with a private sector. Kazakhstan was considered representative of high TB burden, with high drug resistance, but low HIV burden and no private sector and Mozambique was considered high TB burden, with low drug resistance, and high HIV burden and with no private sector.
For each country-specific epidemiologic data relating to TB incidence, treatment outcomes, drug resistance and HIV co-infection were taken from published sources [7] [8] [9] . Drug resistance was categorized as multi drug resistant (MDR-TB) -which included any form of Rifampin resistance or drug sensitive (DS-TB). DS-TB included all cases that were not classified as MDR-TB, including those that were mono-and poly-drug resistant.
Overview of decision analysis model
A decision analysis model was constructed based on a conceptual framework developed to represent the natural history of TB and opportunities for intervention (see Additional file 1: Figure S1 for more detail). The population cohort was initially divided into those with and without TB infection. The population was then further stratified by HIV infection status as well as drug resistance.
Each year, those who were uninfected with TB could stay uninfected or acquire infection. Those with TB infection could remain without disease (with latent infection), or develop active disease in each year; this rate was higher in the first two years after infection. As summarized in Additional file 1: Figure S2 in the supplement, individuals with active TB could then begin seeking care. Individuals could either seek care without any delay, or after a delay. Depending on the setting, patients could seek care at different types of health facilities (in up to 3 sectors -public, informal (such as natural healers), or private). In each sector a correct or an incorrect diagnostic test could be ordered. If an incorrect test was ordered an individual would not be diagnosed, and would remain untreated. If a correct diagnostic test was ordered, this test could be ordered immediately, or with a delay. Some patients will not continue through the process to receive a diagnostic result. If diagnosed, the treatment prescribed could be correct (i.e. an NTP-or WHO-recommended regimen), or incorrect. If incorrect it was assumed the therapy was ineffective and cure rates were lower than those specified for recommended therapy. TB treatment could be initiated immediately, or after a delay. For those with MDR-TB disease, patients could receive a drug susceptibility test (DST) and be prescribed appropriate treatment, or not receive a DST and be given treatment for DS-TB (considered ineffective). Of those who started on correct therapy some completed treatment and were cured, others lost to follow-up, were not cured, relapsed or died. Active cases that received no treatment or inadequate treatment were considered to continue to transmit M. tuberculosis to the community until they either cured spontaneously or died from TB. This contributed to the number of secondary active cases generated during the simulation. Cases that incurred any delay were considered to continue to transmit the bacilli and could die during the period of delay. Specific probabilities of all of these events occurring are described below.
Pre-intervention inputs Epidemiologic inputs
Epidemiologic inputs (initial annual risk of TB infection, HIV and drug resistance rates) varied by country. Pathogenetic inputs and outcomes for undiagnosed/untreated cases varied by HIV status. Input values, taken from published studies, are summarized in the supplemental appendix (Additional file 1: Table S1 ).
Diagnostic and treatment related inputs
Pre-intervention diagnostic variables are summarized in Additional file 1: Table S2 and S3 in the supplemental appendix. Most inputs varied by sector (where relevant), but not by country, and were identified through an extensive systematic review of published studies of the effect of programme interventions on TB diagnostic and treatment outcomes. Since published estimates of patient, diagnostic, and treatment delays are generally average times in days or months, these average delays were converted into the probability of a one year delay. For example, an average delay of 30 days was considered equivalent to a one year delay for 8% of those with active TB seeking care, and no delay for the remaining 92%. TB treatment outcomes varied by country, type of underlying drug resistance, HIV status, and if DST was performed (Additional file 1: Table S3 in the supplemental appendix). In the pre-intervention scenario, HIV infected individuals were assumed to have no access to anti-retroviral therapy (ART).
Health system costs
All costs are summarized in Additional file 1: Table S4 in the supplemental appendix. Per item health system costs included those associated with TB diagnosis and treatment. TB treatment costs included drug costs, costs associated with DOT visits, and monthly medical follow up costs. Treatment costs were calculated separately for DS cases and MDR cases to reflect the higher drug costs and much longer duration of follow up. For DS or MDR cases that were lost to follow up, 50% of the full treatment cost was attributed. Medical visit costs (ie. medical follow up and treatment visit costs) varied by country [10, 11] and were adjusted using World Bank data [12] . Diagnostic test, DST and drug costs were priced using WHO CHOICE data [13] and other international suppliers [2] . Costs associated with the implementation of the interventions were not included, because none of the published studies providing information on the impact of interventions considered provided corresponding cost estimates. All costs are in 2010 US Dollars.
Interventions
Using the conceptual framework described above (see Additional file 1: Figure S1 for more detail), TB related interventions were matched to the stages of a TB patient's natural history and trajectory through the health system. For example, investment in laboratory strengthening was considered an intervention that would affect diagnosis during the "diseased" stage of the framework. Interventions were considered if they had been supported by external funding agencies in the past and were prioritized during periods of NTP strengthening or expansion since 2000. Interventions were grouped into one of seven categories: 1) Community education, 2) Expansion of TB diagnostic network (DOTS expansion for Diagnosis), 3) Education and supervision of health care workers about correct treatment regimens (DOTS expansion for treatment), 4) Other DOTS expansion interventions not specifically related to diagnosis or treatment (Non Specific DOTS expansion-NTP strengthening), 5) Private sector interventions, 6) Expanded access to DST and reduced loss to follow up during treatment -for MDR (MDR-TB related Interventions), 7) Expanded access to ART for HIV co-infection (HIV/ART Therapy Programs). Each category of intervention could involve several potential specific activities. For example, for Intervention 3 (DOTS expansion for treatment) activities could include training of doctors, nurses and pharmacists on TB guidelines, monitoring and management of supplies of high quality drugs or translation and printing of training materials for community based DOTS. However, we assumed that these different activities would result in similar impacts in the model, and did not model the impact of these specific activities separately. (Table 1 ) For each intervention one or more model parameters were assumed to change over time following the intervention. For example for Intervention 2 (DOTS expansion for diagnosis) three different model probabilities were assumed to change (probability of incorrect diagnostic test ordered, diagnostic delay and loss to follow up during diagnostic work up). The interventions, together with corresponding probabilities assumed to change with each intervention, are summarized in Table 1 . Many parameters relating to the effect of types of interventions were obtained through a systematic review of published studies of the impact of TB control interventions on TB outcomes and indicators, and were assumed to be the same in all 3 countries. A few pre-intervention parameters varied by country (e.g., frequency of loss to follow up), but most were assumed to be the same in all three countries.
Key model parameters affected by intervention
Projected outcomes
Projected outcomes, over a 20 year time frame, included: primary active cases, secondary active cases generated from primary cases, TB related deaths (during diagnosis or treatment phases), and health system costs (from the perspective of the national health system in the 3 countries).
To better understand the contribution of changing specific model parameters associated with general interventions, projected outcomes were presented separately for each model parameter assumed to be influenced by the intervention. Discounting was not used because a cost effectiveness analysis was not performed, and the primary predicted outcomes were epidemiologic.
Sensitivity analysis
The individual effect of each key model parameter described in Table 1 was investigated in sensitivity analysis, Diagnostic delay (probability of incurring a 1 year delay)
29 · 49 days = 0 · 081 probability of a 1 year delay [14] [15] [16] [17] 1 · 83 days = 0 · 005 probability of a 1 year delay
Used pre-intervention data and ratio of delay days "pre" and "post" intervention from [20] to obtain post-intervention estimate of delay days
Loss to follow up during diagnostic work-up 0 · 254 [21] [22] [23] [24] (Assume that loss to follow up is the same for regardless of provider) 0 · 140 Used pre-intervention data and ratio of outcomes "pre" and "post" intervention from [19] Diagnostic delay (private sector only) 0 · 11 [14] [15] [16] [17] (# days pre-intervention) 0 · 007 Used pre-intervention data and ratio of delay days "pre" and "post" intervention from [20] to obtain post-intervention estimate of delay days and then used ratio of outcomes in public vs private sector from [14] [27,32,33] to extrapolate estimate for public system to private system Loss to follow up during diagnosis (private sector only) 0 · 254 [21] [22] [23] [24] 0 · 140 Assumed to be same as in public sector (a 45% reduction). Used pre-intervention data and ratio of outcomes "pre" and "post" intervention from [19] to obtain post-intervention estimated of drop out
Incorrect treatment by private provider 0 · 771 [34] 0 · 126 Used pre-intervention data and ratio of outcomes "pre" and "post" intervention from [25] by considering the impact of an absolute change of 25% for each parameter. In Indonesia, the sequential impact of implementing several interventions that target the public and private sector together was also considered. In Kazakhstan, the sequential impact of implementing several interventions that first strengthen the general health system, and then improve the diagnosis and treatment of MDR-TB was considered.
Ethics statement
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Results
Impact of interventions to improve diagnosis and treatment of TB in the public and/or private sectors in a low MDR/low HIV setting. Indonesia case study.
As shown in Table 2 , under baseline conditions (no specific intervention) almost two-thirds of active TB cases are predicted to die, and cure rates are very low. This reflects the assumed problems affecting all stages of the patients' trajectory in this baseline scenario, so that very few patients are diagnosed and treated correctly. As a result the number of secondary cases exceeds the reactivated primary cases -implying a net increase in incidence over time under this scenario. The impact of interventions that affect single parameters without changing other parameters, is predicted to be quite modest, as seen in Table 3 . Interventions to improve diagnosis in the private and public sectors are predicted to result in the greatest reduction of deaths and secondary cases, while interventions to improve treatment in either sector will result in greatest improvement in cures but with less effect on deaths. Enhancing diagnosis will result in the greatest increase in health system costs, reflecting the costs of putting more people on treatment. Improvements in the diagnosis and treatment of MDR-TB, with greater performance of drug sensitivity testing and reduced default from treatment are predicted to have the least impact. This reflects that in the base case analysis, most patients are not diagnosed with TB at all, thus reducing substantially any possible benefit of improved diagnosis and treatment of MDR-TB (which requires that TB is first diagnosed). The sensitivity analysis showing the impact of changing each key parameter by an absolute value of 25% is shown in Additional file 1: Table S6 . As shown in Figure 1 , without any specific interventions, more than 60% of patients are lost to follow-up when the public or private provider orders an incorrect test, and another 25% are lost to follow-up prior to being diagnosed correctly. Of those diagnosed correctly, most are then placed on incorrect treatment; as a result less than 10% start on correct treatment. In Indonesia, where large numbers of TB patients access private providers, improvements only in the public sector will produce some benefits, but the greatest gains will be realized with a combined approach of interventions in both public and private sectors.
When the sequential addition of interventions in the public and private sector was assessed, improved diagnosis in all sectors would substantially reduce deaths and secondary cases, while improved treatment would cause further important reductions in these two outcomes (Table 4) . A final reduction to near zero deaths and secondary cases would be achieved by eliminating all patients lost to follow-up prior to the initiation of treatment.
Impact of interventions to improve diagnosis and treatment of TB in a high MDR-TB or high HIV-TB setting. Kazakhstan and Mozambique case studies.
In Kazakhstan, using the pre-intervention scenario assumptions, a high death rate, low cure rate, and high number of secondary cases are predicted. As with Indonesia, interventions that change individual parameters one at a time will have modest effects (Additional file 1: Table S7 ). As summarized in Table 5 , improved initial diagnosis and improved treatment of DS-TB (with first line drugs) are predicted to have the greatest impact on mortality, the number of secondary cases, and number of cases that are cured. The least impact on these three outcomes would result from isolated improvements in diagnosis of MDR-TB (increasing drug susceptibility testing from 20% to 50% of all DR cases), or improving MDR treatment (reducing loss to follow up from 22% to 11%), without any other programmatic changes.
This finding was explored further in sensitivity analysis summarized in Table 6 . If the diagnosis and treatment of DS-TB were first improved -with 100% diagnosis and treatment and eliminating all patients lost to follow-up, but without changes in the MDR-TB program, the number of deaths from TB and secondary cases would fall by almost 70%, while the overall cure rate would increase from 4% to 75%. If the DR-TB program was also improved -by increasing DST coverage to 100%, and increasing treatment so that 100% received standard MDR-TB therapy, the overall cure rate would improve from 75% to 79%. If the MDR-TB regimen included new TB drugs that resulted in cure rates for MDR-TB equivalent to the cure rates now achieved for fully susceptible TB, this would result in an 8% further reduction in mortality, and an increase in overall cure rate to 84%. Primary cases are those which would arise from reactivation of pre-existing latent TB infection, or progression from newly acquired infection, but do NOT include cases arising from transmission from the primary cases. (Change in estimate shown represents change relative to baseline for a change in only one parameter and all others remain at pre-intervention values). When these analyses were repeated using epidemiologic parameters from Mozambique (Tables 7 and 8) , without any interventions, the number of deaths are much higher. Increasing ART treatment of HIV coinfected TB patients would result in the greatest reduction in mortality and secondary TB cases, plus produce net savings to the health system. This is the only intervention that results in a reduction of the number of primary TB cases, as it actually prevents TB cases. Interventions that enhance the laboratory network to improve diagnosis would have the next greatest impact. Primary cases are those which would arise from reactivation of pre-existing latent TB infection, or progression from newly acquired infection, but do NOT include cases arising from transmission from the primary cases. Rank of Impact ranks the projected impact of each intervention on each outcome, relative to the baseline of no intervention. (Change in estimate shown represents change relative to baseline for a change in only one parameter and all others remain at pre-intervention values).
NO INTERVENTION PUBLIC SECTOR ONLY PUBLIC AND PRIVATE SECTOR
Discussion
In our study, the greatest gains in reducing TB deaths and secondary cases are expected to come from interventions that reduce the reactivation rate to disease (ie. ART for HIV co-infected patients), or affect all patients with TB disease early in their trajectory, by improving their diagnosis. Further gains are made if treatment is also improved. In settings with a prominent private sector such as Indonesia, these achievements will be even greater if interventions are directed to both the public and private sectors. Even in settings with high levels of MDR-TB, we predict that interventions that improve diagnosis of all TB patients plus treat DS-TB cases correctly will have greater overall impact. The finding that the foundation for successful scale up of interventions is the strengthening of initial diagnosis and appropriate timely treatment of persons with TB supports current WHO recommendations for health system strengthening, TB prevention, diagnosis and treatment programs [42] .
In the base case scenario, TB related mortality rates are projected to be very high in all settings, reflecting very low overall rates of successful diagnosis and treatment. In the model, TB cases that are undiagnosed die at rates consistent with those reported for smear positive cases in the pre-antibiotic era (approximately 33% per year [43] ). In recent national prevalence surveys the number of TB cases that are undiagnosed has been found to be remarkably high. For example, in Nigeria, the case detection rate is now estimated to be only 16%, and TB mortality was found to be 400% higher than previously estimated rates [3] . Indonesia has also recently completed a prevalence survey but results are not yet published. In the 2014 Global TB report however, WHO suggests that results will lead to revisions of previously published global TB estimates [3] .
The interventions included in this analysis are those most commonly introduced for TB prevention, diagnosis and treatment in LMIC as part of Stop TB Global plans, and were restricted to those for which there is published evidence of their potential impact. Several interventions were initially considered but ultimately excluded for the following reasons: 1) There was insufficient published data regarding their effect, 2) They had an overarching effect that influenced multiple elements within the conceptual framework so a precise effect within the model could not be assumed, or 3) published pre-intervention estimates were already excellent. The independent effects of each intervention can be very difficult to assess in field studies because in most countries multiple interventions have been applied simultaneously. Other modeling studies have considered the relative impact of different interventions [44] [45] [46] , but not the impact of multiple interventions, nor multiple sectors. In this Primary cases are those which would arise from reactivation of pre-existing latent TB infection, or progression from newly acquired infection, but do NOT include cases arising from transmission from the primary cases. Primary cases are those which would arise from reactivation of pre-existing latent TB infection, or progression from newly acquired infection, but do NOT include cases arising from transmission from the primary cases. (Change in estimate shown represents change relative to baseline for a change in only one parameter and all others remain at pre-intervention values). study we compared the relative impact of interventions separately, in combination, and across multiple sectorswhich is more realistic. In addition, our study included health system costs which were not considered in detail in other studies which modeled epidemiologic outcomes [44] [45] [46] .
Nevertheless this study has several limitations. First, although the number of secondary cases that originate from active cases were predicted in our model, these cases do not influence the annual risk of infection in subsequent years. Thus the population level impact of interventions was not directly evaluated and our findings are likely conservative. This limitation has implications particularly for DR-TB interventions, because preventing transmission (through prompt diagnosis and effective treatment) is an important goal. In all 3 countries modeled, interventions directed at improved diagnosis or treatment of MDR-TB were projected to have less impact than interventions to prevent primary cases, or to enhance early diagnosis of all TB cases. This is because patients with MDR-TB must first be diagnosed with TB, in order to have DST performed. Hence performing DST on a small fraction of all cases (when all the remaining cases have not been diagnosed at all) will inevitably have less impact than if diagnosis of all cases is improved first, since MDR-TB cases can only be diagnosed with DST. We also found that improving treatment of DS-TB cases would have more impact than improving treatment of MDR-TB, even when we assumed very high cure rates -similar to recently reported cure rates with new shorter MDR regimens [47] . This reflects the fact that even in a high MDR prevalence setting the majority of cases (>70%) are DS-TB. This is also combined with the fact that DS-TB regimens have a greater treatment success rate (averaging >90% [48] ) than do MDR-TB regimens (averaging 55-60% [36] ). As detection of DS-TB continues to improve, the impact of MDR-TB interventions will also have the potential to improve.
Second, the magnitude of the effect sizes for some of the interventions were large. Studies that documented the effect of interventions were identified through an extensive review of the literature, but some of these improvements were reported from single studies, some of which involved small study populations, or had short periods of follow-up. It is unclear if these improvements could be obtained or sustained when applied on a national scale. Finally, we could not perform a comprehensive cost effectiveness study, because the costs associated with interventions were not available from the studies that reported outcomes resulting from these interventions. This emphasizes the need for systematic collection and reporting of cost data in future studies of similar interventions.
In the post 2015 era there has been a call to accelerate progress by building on national and global efforts that have already had an impact on TB indicators [42, 49] . Our sensitivity analysis on TB mortality (Table 4) considered in detail the substantial effort that will be required to meet the WHO goal of zero TB deaths. Scale up and strengthening of interventions like those included in our analysis should help to accelerate progress toward these ambitious goals, however the rate at which gains can be made will depend on the both the ongoing political and financial commitment to combat TB at both a global and national level.
Conclusion
In all settings, the greatest benefit will come from interventions that reduce reactivation to disease, or those that increase early diagnosis and improve treatment for DS-TB as well as DR-TB. Once this has been achieved more specific interventions, such as those targeting HIV, drug resistance or the private sector can be integrated to increase impact. The findings of this study may provide useful information to guide selection of TB interventions in different settings, particularly as programs begin to scale-up interventions in the private sector and financial schemes are developed and improved to address universal health coverage.
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